G laucoma is the most common cause of irreversible blindness worldwide. 1 It leads to vision loss by damaging retinal ganglion cell (RGC) axons at the site of the optic nerve head (ONH). 2 The underlying pathogenesis of RGC damage in glaucoma is not fully understood, and hence there are no clinically proven therapies that directly target the process of RGC damage. 3 Our recent work 4, [5] [6] [7] [8] and that of others 9 -12 have emphasized the potential importance of the sclera in glaucoma. Because the peripapillary sclera surrounds the site of damage in glaucoma (i.e., the ONH), the IOP-induced deformations of the sclera are directly transmitted to ONH tissues. In fact, computational simulations have suggested that the elastic modulus of the sclera is the principal determinant of strain within the ONH. 13 In this context, it is interesting to note that the biomechanical properties of the monkey posterior sclera are altered in both early 14 and moderate 4 stages of glaucoma and with age, 5 suggesting an adaptive remodeling response in this tissue in response to biomechanical load.
If mechanical stretch is a risk factor for RGC damage, as has been widely hypothesized, 15 then factors influencing scleral biomechanics could be important in glaucoma, motivating further studies of the sclera. Scleral strength is conferred primarily by type I collagen fibers 16 formed into an irregular arrangement of multilayered lamellae. Such lamellae are of various thicknesses 17, 18 and help resist the mechanical effects of intraocular pressure (IOP). Within each lamella, the collagen fibrils run tangentially to the scleral shell and are oriented in a preferred direction to various degrees. 18 Most previous studies of scleral biomechanics have not explicitly accounted for scleral fiber organization, even though recent computational modeling shows that changing peripapillary scleral fiber orientation (but not stiffness) dramatically influences acute IOP-induced ONH deformations. 19 Accounting for scleral fiber orientation in biomechanical studies requires quantitative information about scleral fiber orientation, but most existing work is qualitative. 20 To our knowledge, only two published studies have mapped fiber orientation in entire scleral shells, using time-consuming histologic reconstructions of cadaveric human eyes. 21, 22 Unfortunately, these studies did not provide information on the degree of fiber alignment. A more recent study provided fiber alignment information and reported differences in scleral microstructure between eyes from Caucasian and AfricanAmerican donors. 11 Although important, this study was restricted to a single region (temporal quadrant) of the peripapillary sclera. Our goal was to quantitatively map whole globe scleral fiber orientation, establishing baseline data in normal (control) rat eyes, as a necessary first step toward applying similar techniques in a rat model of glaucoma. Toward this end, we used an experimental technique known as small-angle light scattering (SALS).
MATERIALS AND METHODS

Experimental Setup and Testing Protocol
Specimen Preparation. All experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Twenty ostensibly normal eyes from young adult Norway brown rats of either sex (two eyes from each of 10 rats) were enucleated and immersion fixed in 4% paraformaldehyde. The scleras were cleaned of intra-and extraorbital tissues and dissected into five nearly flat patches (10 scleras of dissection pattern A and 10 of dissection pattern B, as shown in Fig. 1 ). We used two dissection patterns because fiber orientation data from the edges of patches are not reliable. By combining fiber orientation data from eyes scanned with these two patterns, we were able to obtain relatively complete measurements over the entire scleral surface. Each patch was then dipped in glycerol solution for several seconds, to slightly enhance the inherent transparency of the sclera, 23 and was laid flat with a drop of glycerol solution between two microscope glass slides (size, 75 ϫ 25 mm), separated by 1-mm-thick double-sided adhesive tape at both extremities. The glass plate assembly was further sealed on all four edges with quick-drying silicone and stored at 4°C for 1 hour (for faster silicone curing) before beginning the experiment.
Small-Angle Light Scattering. Fiber orientation was characterized using SALS 24 -29 (Fig. 2) . Each glass plate assembly described above was mounted in a custom holder and raster scanned with a 5-mW nonpolarized HeNe laser (model 1125, wavelength: 632.8 m, and beam diameter, 800 m; JDS Uniphase, Milpitas, CA) at predetermined locations (Ͼ1000 locations per patch, 100 m linear spacing) using an x-y translation stage assembly (model NT55-282; Edmund Optics, Barrington, NJ), which was motorized using two linear actuators (model NT58-674; Edmund Optics). A spatial-filter beam-shrinker assembly (modified from KT310/M; Thorlabs, Newton, NJ), which was customized with one focusing and one collimating aspheric lens and a 50-m pinhole, was positioned between the laser and each specimen to generate a laser beam with a Gaussian intensity profile and a reduced diameter of approximately 500 m. Note that for SALS applications, a beam diameter higher than 350 m was found to generate lower noise levels. 24 To ensure that the laser beam was correctly aligned as it passed through the spatial-filter beam-shrinker assembly, two mirrors with dual tilts were used. As the light interacted with each tissue patch, it was scattered by the fibrous tissue proteins (mainly collagen in the case of the sclera) and projected onto a diffuser screen. The diffuser screen contained a blackout beam block in its center to filter unwanted nonscattered light. A CCD camera (resolution: 1024 ϫ 768 pixels, 8 -16 bits; model B953; Pixelink, Ottawa, ON, Canada), equipped with a low-distortion/high-resolution lens (NT56-788; Edmund Optics) and a red band-pass filter (model FL632.8-3; Thorlabs) to eliminate ambient light, was positioned behind the diffuser screen to capture an image of the resulting light pattern at each scanned location (Fig. 3) . The entire SALS system was automated by using custom-written cϩϩ subroutines, and was able to perform a raster scan with 1000 sample points in 45 minutes. Finally, we note that the rat sclera is thin (Ͻ100 m) 30 and therefore is an ideal tissue to be used with SALS, which works well for tissues less than 500 m thick.
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Interpretation of the Scattered-Light Patterns. To extract fiber organization information from the acquired scattering patterns, it is crucial to interpret them using appropriate optics theory. We opted for a simple (but accurate) approach from among the FIGURE 1. Two dissection patterns were used to generate five nearly flat scleral patches for each eye, with dashed lines indicating dissection cuts. The eyes were randomly assigned to either dissection pattern. For both dissection patterns, patch 5 contains the ONH near its center, the peripapillary sclera, and part of the posterior sclera. Patches 1 to 4 contain regions of anterior, equatorial, and posterior sclera. For dissection pattern A, the following regionalization was used: 1, inferior; 2, nasal; 3, superior; and 4, temporal, and for dissection pattern B: 1, inferonasal; 2, superonasal; 3, superotemporal; and 4, inferotemporal. FIGURE 2. The SALS apparatus. After noise removal and beam diameter reduction with a spatial-filter beam-shrinker assembly, laser light interacts with each dissected tissue patch. Light is then scattered owing to the protein fibers (mainly collagen) and projected onto a diffuser screen equipped with blackout material in its center acting as a beam block. A CCD camera equipped with a red band-pass filter to eliminate ambient light takes a snapshot of the resulting scattered-light pattern. HeNe, helium-neon. numerous possibilities. 31 Using Fraunhofer diffraction theory, it can be shown that the intensity of the scattering pattern produced by a small rectangular aperture (of width a, length b, and angle defined in the plane of the aperture, which is perpendicular to the laser beam) is 32 
I͑r,͒
where I is the imaged intensity; r, are polar coordinates measured from the center of the scattering pattern; I 0 is the incident light intensity; is the laser wavelength; L is the distance between the aperture and the diffuser screen; sinc is the sine cardinal function; and a ϭ a/L and b ϭ b/L. We then used Babinet's principle, which states that the scattering pattern of a rectangular aperture is the same (except in its center) as that produced by a fiber (e.g., collagen I) of the same size and shape. Since thin, soft tissues can be considered to be fiber assemblies, and, under the assumption of linearity (as demonstrated in 24 for thin soft tissues), the scattering intensity for a fiber assembly I FA can be obtained from equation 1 as
where we performed the following change of variable ϭ Ϫ for simplicity. For our purposes, the key quantity in equation 2 is P, the fiber distribution function, which describes the angular distribution of fibers responsible for each generated scattered light pattern. In other words, equation 2 tells us that the total scattered-light intensity is the weighted linear sum (through P) of the contribution of each fiber. Finally, under the assumption of high aspect-ratio (i.e., thin and long) fibers, which is satisfied for collagen I, equation 2 can be considerably simplified, as proposed by McGee and coworkers, 32 as
Equation 3 is a simple result, as the term in front of P does not depend on and can be regarded as a constant of proportionality. Using the normalization condition for P (i.e., ͵
P͑͒d ϭ 1),), equation 3 can be simplified to extract P as
Equation 4 implies that the normalized light intensity distribution at any chosen radius r ϭ R corresponds to that of the fibers, but shifted 90°.
Extraction of Fiber Probability Distributions. Equation 4
is rather elegant and simple and allows the extraction of a fiber distribution for a given scattered-light pattern image with limited digital image processing, as follows. First, the symmetry property of I FA is worth noting.
This symmetry condition was used to define the center of each scattering pattern by minimizing the following function
where i ʦ ͠1°,2°, . . . ,360°͡, using to a genetic optimization algorithm known as differential evolution. 33 Once obtained, the center of each image was taken as the origin of the polar coordinate system (r,). In equation 4, the radius r ϭ R was chosen to be large (i.e., 300 pixels, which corresponds to the image limit) to avoid the effects of the central beam spot. For each angle i ʦ ͠1°,2°, . . . ,360°͡, I FA (R, i ) was computed from each image by averaging pixel intensity values over a 20 ϫ 20 pixel window centered at (R, i ). This step helped reduce noise. I FA (R, i ) was then averaged (to further reduce noise), by using the aforementioned symmetry condition
then normalized and finally shifted 90°according to equation 4 to obtain the fiber distribution P.
Microstructural Parameters. From each fiber distribution P,
we defined the preferred fiber orientation P to be the mode (peak) of the fiber distribution. We also computed the degree of fiber alignment by first computing the orientation index OI, introduced by Sacks et al. 24 and mathematically defined as Typical small-angle light scattering data pattern at a single tissue location (left). For a fiber assembly (or thin soft tissue such as the sclera), the normalized scattered light intensity (a function of the azimuthal angle at a fixed radius r ϭ R) is the fiber distribution that is sought, but shifted by 90°(right). From each fiber distribution, we defined the preferred fiber orientation (modal angle R at the distribution peak) and the orientation index OI from which the degree of alignment (0, random alignment or planar isotropy; 1, perfect alignment or transverse isotropy) was computed. Note that each fiber distribution is -periodic.
OI is a measure of fiber spread and represents the length of the interval (in degrees), centered on P , that includes 50% of the total number of fibers (Fig. 3) . Based on OI, we then defined the degree of alignment as 1 Ϫ OI/90°. This intuitive parameter lies between 0 and 1 and increases with the degree of fiber anisotropy 29 : When it equals 0, the material is planar isotropic (random alignment of the fibers within a plane), whereas when it equals 1, it is transversely isotropic (all fibers aligned in the same direction within the plane of the tissue). Similarly, based on P , we defined the circumferentiality as 1 Ϫ P /90°. The circumferentiality has a value of 1 if the preferred fiber orientation is parallel to the eye's equator (for scleral patches encompassing the equator) or tangential to the margin of the scleral canal (for scleral patches centered on the ONH) and has a value of 0 if the preferred fiber orientation is instead perpendicular to the equator/scleral canal.
Validation and Sensitivity Analysis
We first validated our experimental protocol, as explained below.
Validation Using Highly and Randomly Aligned Polymer Films. We performed SALS measurements on highly and randomly aligned polymer films (film thickness, 100 m; film composition, electrospun nanofibers 34 ; and fiber thickness, 300 -600 nm; Fig. 4 ). For the randomly aligned polymer film, we obtained a nearly semicircular, uniform distribution, as expected. For the highly aligned polymer film, we obtained a unimodal distribution (von Mises-like) with a large peak value suggesting high alignment. We noticed a slight isotropic contribution in the latter case. This is however not surprising, as the highly aligned polymer films are not perfect and exhibit a certain degree of randomness (see SEM image in Fig. 4 ). This series of tests confirmed that our SALS experiments and subsequent image analyses were performed properly.
Effect of Tissue Flattening. We investigated how the process of flattening scleral patches (necessary for SALS) may have affected the scleral microstructure. Such effects are difficult to assess experimentally, as a full characterization of scleral patch geometry and corresponding 3-D deformations during flattening would be needed. Therefore, we instead used the finite element method to numerically simulate the scleral-flattening process (software FEBio; Musculoskeletal Research Laboratories, University of Utah, Salt Lake City). To this end, a scleral patch (patch 5; Fig. 1 ) was digitally reconstructed as an idealized spherical cap (Fig. 5A) . The diameter of the sphere was chosen to be 6.40 mm (SD 0.18), which was the averaged axial length of six normal adult rat eyes. The cap covered a third of the eye's axial length according to the dissection patterns described in Figure 1 . The spherical cap was modeled as an isotropic elastic solid that could undergo large deformation (St. Venant-Kirchhoff model; Poisson's ratio ϭ 0.48; Young's modulus E ϭ 4 MPa) and compressed between two rigid bodies to simulate the flattening of the patch between two microscope slides. A penalty method was used to model a sliding, friction-free interface between the spherical cap and the two rigid bodies (penalty factor, 100 MN ⅐ m
Ϫ1
; see deformations in Fig. 5A ). Using this simulation, we measured the fiber deviation angle (of a virtual fiber, identified by two material points contained within the plane tangential to the patch surface) after flattening. This deviation angle was found to be a function of the distance from the center of the cap (varying from 0 to 2.8 mm) and a function of the initial fiber orientation (0°corresponds to an initial fiber orientation that is radial and 90°to one that is circumferential; Fig. 5B ). The maximum fiber deviation angle was found to be 3.82°, and this "error" varied smoothly. This finding suggests that the measured scleral microstructure would be only minimally affected by flattening.
Validation Using Second-Harmonic Imaging. To further validate that our SALS apparatus provided correct fiber orientation measurements for scleral tissue, we employed second-harmonic imaging to image a 100-m-thick cryosection of a normal bovine ONH. Forward-scattered, second-harmonic generation (SHG) signals were collected by using band-pass filters (380 -420 nm) after excitation at 800 nm by a mode-locked Ti:sapphire laser (Chameleon; Coherent UK, Ltd., Ely, UK). Tiled, high-resolution (512 ϫ 512 pixels) images were acquired with a multiphoton laser scanning electron microscope (SEM) (LSM510 META; Carl Zeiss Meditec, Ltd., Welwyn Garden City, UK) with a motorized stage and fully automated scanning software. On such images, the SHG scatter, depicting collagen in the peripapillary sclera, lamina cribrosa beams, and central retinal blood vessel walls, is pseudocolored green (Fig. 6A) . SALS was then employed on the same tissue section to extract a co-localized fiber organization map (100 m SEM images, scattering patterns, and corresponding fiber distributions for highly aligned and randomly aligned polymer films. For the highly aligned polymer film, a von Mises-like distribution was extracted, confirming the high degree of alignment present in the specimen. For the randomly aligned polymer film, the semicircular uniform distribution was obtained, suggesting near-perfect isotropy. These experiments confirm the validity of our SALS system. spacing; Fig. 6B ). Overall, we found a high level of agreement between the two techniques, where features such as radial laminar beams and circumferential scleral fibers at the scleral canal were observed. This series of tests further confirmed that our SALS experiments and subsequent image analyses were performed correctly for scleral tissue.
Effect of Glycerol Treatment.
To verify that the glycerol treatment employed in our experimental protocol did not affect our SALS measurements, we scanned one porcine ONH tissue cryosection (thickness, 30 m) before and after glycerol treatment of several seconds (Fig. 7) . A thin section was used to allow laser light to be scattered, even in the absence of clearing glycerol treatment. Overall, it can be observed that glycerol treatment had only a very minor impact on tissue microstructure.
Data Analysis
For each rat eye, four stripes were defined along the superior, nasal, inferior, and temporal meridians (dissection pattern A), or along the superotemporal, superonasal, inferonasal, and inferotemporal meridians (dissection pattern B). Each stripe was defined as a subset of measurement grid locations and consisted of "rows" of five adjacent measurement points along its width (Fig. 8) . We pooled data from corresponding rows over all eyes within a meridian and within a dissection pattern (e.g., all data from the row nearest the limbus in the superior quadrant for dissection pattern A were treated as one pool of 50 points: 5 points/eye times 10 eyes). Similar pooling was performed over each row to give fiber alignment statistics at 100 m intervals from the limbus (for patches [1] [2] [3] [4] or from the edge of the scleral canal (patch 5). The degree of alignment and the circumferentiality were then reported for each pool of data, yielding spatially resolved fiber alignment statistics for all meridians considered in our two dissection schemes.
RESULTS
Maps of scleral fiber organization showed regions of relatively aligned fibers at the limbus and equator and in the peripapillary sclera (Figs. 9, 10 ), while other locations showed no notable degree of fiber alignment. At the limbus, the fibers were preferentially, although not exclusively, aligned in the circumferential direction, whereas at the equator they were primarily aligned meridionally. A circumferential ring (composed of most but not all the fibers) was clearly observed around the ONH, although the degree of alignment in this peripapillary scleral ring was less than that at the limbus or at the equator.
When data from all eyes were pooled, the degree of alignment was found to exhibit a consistent W shape when plotted The change in fiber angle due to flattening, computed as the difference before and after flattening for fiber contained within the plane tangential to the patch surface. The graph shows this difference as a function of the distance from the center of the cap (0 -2.8 mm) and of the initial fiber orientation, where 0°corresponds to an initial fiber orientation that is radial and 90°to one that is circumferential. A maximum fiber angle deviation of 3.82°was found (occurring at the edge of the patch), which suggests that rat scleral fiber orientation is only minimally affected by flattening. versus distance from the limbus (Figs. 11, 12 ). Local maxima were observed at the limbus, at the equator, and immediately adjacent to the scleral canal, consistent with the individual samples shown in Figures 9 and 10 . When the data were pooled over all eyes and all meridians, the degree of alignment (median value) was 0.28 at the limbus (using the row of data closest to the limbus), 0.25 at the equator (using the row of data located 1.8 mm away from the limbus), and 0.16 immediately adjacent to the scleral canal (using the row of data closest to the scleral canal).
Similar plots of circumferentiality versus distance from the limbus exhibited maxima at the limbus and within the peripapillary sclera immediately adjacent to the scleral canal. This trend was consistent for all eight meridians (Figs. 11, 12 ). When the data were pooled over all eyes and all meridians, the circumferentiality (median value) was 0.93 at the limbus and 0.89 immediately adjacent to the scleral canal. In the equatorial region, the fibers were found to be meridional as indicated by the near-0 circumferentiality values (median, 0.09 over all eyes).
DISCUSSION
In this study, we quantitatively assessed and mapped fiber orientation from whole rat scleras to establish baseline data in normal (control) eyes, as the first step toward measuring changes in scleral fiber orientation in eyes with experimental glaucoma. We observed several striking features in the organization of the rat sclera. First, it contains two fiber rings, one at the limbus and the other within the peripapillary sclera, merging with the scleral canal boundary. Second, scleral fibers were preferentially aligned in the meridional direction at the equator.
The presence of a highly aligned fiber ring at the limbus is in agreement with the data reported in humans 35, 36 and marmosets, 37 according to small-angle x-ray scattering (SAXS).
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SALS and SAXS are similar, in that they measure the orientations of fibrous molecules through interaction with radiation: either light (here HeNe laser light; wavelength: 632.8 nm) or x-rays (wavelength: 0.1-10 nm), respectively. Maximum scattering occurs when the fibers have diameters comparable to the probe radiation wavelength; in the case of SAXS, collagen molecules and collagen fibrils 39 are typically the primarily scatterers, whereas in SALS, larger molecules such as collagen fibers and collagen fiber bundles 39 scatter the light. Despite the difference in scattering sources, SALS and SAXS typically lead to similar information on soft tissue microstructure. 40 The role of the fibrous rings within the rat sclera is almost certainly mechanical. Newton and Meek 35 argued that the limbal fiber ring is present in humans to help prevent corneal deformations and hence maintain proper acuity. Recently, Grytz and coworkers 41 used an elegant computational remod- Colors indicate the degree of alignment (red and blue correspond to high and low degrees, respectively) and the black vectors indicate the preferred fiber orientation. Features such as circumferential fibers at the scleral canal and radial fibers within the lamina cribrosa are present, as in Figure 6 . Overall, it can be observed that glycerol treatment had only a minor impact on tissue microstructure.
FIGURE 8.
Each measurement stripe was defined as a subset of measurement grid locations and consisted of five grid locations widthwise. The stripes are defined for scleral patches 1 and 5 along the inferior meridian. Data were averaged "across the stripe"-that is, over the five grid points perpendicular to the meridional direction. These averaged data were then pooled between eyes, as used to create the plots in Figures 11 and 12 .
FIGURE 9.
Fiber organization maps for the inferior scleral patch from four individual rat eyes. Colors indicate the degree of alignment, and black bars indicate the preferred fiber orientation. Although large variability was present across all patches, several consistent features were also present. At the limbus, the fibers were highly aligned and organized into a distinct ring (i.e., preferred fiber orientation parallel to the limbus boundary) surrounding the cornea. In the equatorial region, the fibers were primarily meridionally aligned. Post, posterior; Ant, anterior.
eling approach, based on that of Hariton et al., 42, 43 to derive the optimum fiber configuration in an idealized human corneoscleral shell to limit overall mechanical stress. They showed that a limbal fiber ring best limits the large stresses that would otherwise occur at the limbus because of the sudden change in corneoscleral shell curvature. The situation is somewhat more complex in the rat eye, where there is not a substantial change in shell curvature at the limbus (i.e., the rat cornea does not protrude as it normally does in humans but remains largely tangential to the scleral shell at the limbus). However, although we were unable to locate data for rats, it is commonly accepted in other species that the cornea is mechanically weaker than the surrounding sclera. 44 Assuming this to be case in the rat as well, one would expect that circumferential fibers at the limbus would limit pressure-induced limbal stress concentrations where these two tissues of different mechanical properties meet. Such limbal rings may be a common feature of eyes where there are mismatches in either geometry or mechanical properties.
The second ring of collagen fibers in the peripapillary sclera immediately adjacent to the ONH was first documented in human and porcine cadaveric eyes by Kokott 21, 22 in the 1930s, and later observed by other investigators through qualitative means (histology) in humans, 20 and mice. 45 Consistent with these observations, computational models have recently shown that a peripapillary fiber ring is the optimum configuration: (1) to match 3-D experimental deformation data of monkey scleral shells 5 and (2) to shield the human lamina cribrosa from high stress. 46 This study quantifies previous observations. Interestingly, we found that collagen fibers in the peripapillary scleral ring were on average less aligned than those in the limbal ring. This finding may be explained by a recent computational study in which we showed that scleral canal expansion and ONH bowing are inversely related, and their magnitudes can be controlled through the degree of alignment of those fibers surrounding the ONH. 19 In other words, a perfectly aligned peripapillary scleral ring would significantly decrease scleral canal expansion after an acute increase in IOP, but at the cost of substantial bowing of the ONH tissues. It would be interesting to measure peripapillary scleral fiber alignment in glaucomatous eyes, as abnormalities in this structure could alter the biomechanical environment of the ONH.
The second striking feature observed in rat sclera was the presence of highly aligned meridional fibers in the equatorial region (Fig. 9) . To our knowledge, such an arrangement has not been reported in any species. To explain this feature, we propose two hypotheses. First, six extraocular muscles insert into the rat sclera (as in humans), and four of them (the rectus muscles) do so in the immediate vicinity of the equatorial sclera. 47, 48 Highly aligned meridional fibers at the equator may simply provide resistance against pulling forces from these extraocular muscles. However, since rectus muscle insertions do not cover the whole circumference of the eye (but meridional fibers do as shown herein), this hypothesis can be only partially valid. Alternatively, while circumferential equatorial fibers would allow the whole globe to deform like an ellipsoid, 19 meridional fibers at the equator should help maintain proper acuity by minimizing axial elongation (induced by IOP or otherwise). To verify either hypothesis, one could quantify fiber orientation as a function of depth, as Abahussin et al. 49 did for the corneal stroma. They found that the outer layers of the corneal stroma were structurally anisotropic, whereas the inner layers were isotropic. They suggested that the isotropy from the inner stromal layers sustains the IOP, whereas the anisotropy in the outer layer resists forces from the four rectus muscles attached to the outer sclera in the immediate vicinity of the limbus.
Because of the more random fiber organization in the sclera than in the cornea and the large variations in collagen fiber bundle thickness, 50 the sclera has been proposed to be mechanically isotropic. 51 Our results are consistent with those in the literature that demonstrate that the sclera is structurally anisotropic and can therefore be expected to be mechanically anisotropic. Most computational studies that have investigated the role of ONH and scleral biomechanics in glaucoma have treated the sclera as isotropic. Inclusion of our SALS-derived data in biomechanical models of the eye will improve the predictive capabilities of such models and yield a better understanding of the role of scleral biomechanics in glaucoma.
This study had several limitations. First, SALS, as implemented herein, is a 2-D technique and therefore cannot deduce 3-D fiber arrangements (i.e., it can map only fibers lying within a plane perpendicular to the transmural direction). Fortunately, most fibers lie within this plane for the sclera. 18 However, unlike other thin soft tissues such as skin, the sclera exhibits a certain degree of curvature (a rat eye is approximately 6 mm in diameter), and thus it was necessary to dissect the sclera into multiple patches, which were then laid flat so that the sclera was positioned perpendicular to the laser beam. Overall, we found that the use of five patches was the minimum required to obtain nearly flat scleral patches. Having a patch centered on the ONH allowed us to maintain the integrity of the scleral ring as shown in Figure 10 .
Second, to generate the average data in Figures 11 and 12 , we assumed that all eyes were of similar size, and measurements were made by using the limbus (scleral patches [1] [2] [3] [4] and the scleral canal boundary (scleral patch 5) as references. This assumption could partially explain the large error bars in Fiber organization maps from three selected scleral patches (peripapillary scleral region surrounding the ONH). Colors indicate the degree of alignment (red and blue correspond to high and low degrees, respectively) and the black vectors indicate the preferred fiber orientation. Although much variability was present across all patches, several consistent features were present. In the peripapillary scleral region, scleral fibers were mostly circumferential (with respect to the scleral canal) but less aligned than those in the anterior and equatorial regions. Figures 11 and 12 , although they may also reflect normal biological variations in fiber organization (see Figs. 9, 10 ). In this study, since all eyes were obtained from young adult rats of approximately the same age (3 months), we expected the variations in eye size to be small. We are currently investigating the use of techniques such as optical coherence tomography and microcomputed tomography to provide information about eye size and shape and thus enable better averaging between eyes.
Third, because of the thinness of the rat sclera, we were unable to report fiber orientation measurements as a function of the tissue depth of rat sclera. Other investigators have solved this problem by cutting their samples into thinner subsections. Using this technique, each section can be individually scanned, yielding full-depth fiber orientation information (e.g., with SAXS for the cornea 49 and with SALS for the human sclera).
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Nevertheless, relying on averaged through-thickness measurements as performed here should not compromise our ability to detect microstructural changes, if any, between normal and glaucomatous rat eyes.
Fourth, our numerical simulation to investigate the effects of flattening on scleral microstructure employed an isotropic elastic model. Since rat sclera is structurally anisotropic in some areas as shown herein, the maximum fiber angle deviation after flattening could be different (smaller or larger) from the 3.82°that we computed.
Finally, it is possible that the act of fixation itself may subtly alter scleral microstructure. We would simply note that fixing whole globes, as we have done, should provide tissue samples that suitably reflect the in situ microstructural arrangement of the sclera. Further, changes due to fixation have not been reported in any previous SALS study that we are aware of.
FIGURE 11.
The degrees of alignment and circumferentiality were plotted as functions of the distance from the limbus to the scleral canal. Data were pooled for all 10 eyes with dissection pattern B and represented as the 25th, 50th, and 75th percentiles for the superotemporal, superonasal, inferonasal, and inferotemporal meridians. The break in each curve represents the scleral boundary that was cut during dissection where no data could be gathered. For all graphs, the x-and y-axis scales are the same as those from graphs in the top row.
FIGURE 12.
The degrees of alignment and circumferentiality were plotted as functions of the distance from the limbus to the scleral canal. Data were pooled for all 10 eyes with dissection pattern A and represented as the 25th, 50th, and 75th percentiles for the superior, nasal, inferior, and temporal meridians. The break in each curve represents the scleral boundary that was cut during dissection where no data could be gathered. For all graphs, the x-and y-axis scales are the same as those from the graphs in the top row.
